The potential of optical remote sensing data to identify, map and monitor croplands is well recognized. However, clouds strongly limit the usefulness of optical imagery for these applications. This paper aims at assessing cloud cover conditions over four states in the tropical and sub-tropical Center-South region of Brazil to guide the development of an appropriate agricultural monitoring system based on Landsat-like imagery. Cloudiness was assessed during overlapping four months periods to match the typical length of crop cycles in the study area. The percentage of clear sky occurrence was computed from the 1 km resolution MODIS Cloud Mask product (MOD35) considering 14 years of data between July 2000 and June 2014. Results showed high seasonality of cloud occurrence within the crop year with strong variations across the study area. The maximum seasonality was observed for the two states in the northern part of the study area (i.e., the ones closer to the Equator line), which also presented the lowest averaged values (15%) of clear sky occurrence during the main (summer) cropping period (November to February). In these locations, optical data faces severe constraints for mapping summer crops. On the other hand, relatively favorable conditions were found in the southern part of the study region. In the South, clear sky values of around 45% were found and no significant clear sky seasonality was observed. Results underpin the challenges to implement an operational crop monitoring system based solely on optical remote sensing imagery in tropical and sub-tropical regions, in particular if short-cycle crops have to be monitored during the cloudy summer months. To cope with cloudiness issues, we recommend the use of new systems with higher repetition rates such as Sentinel-2. For local studies, Unmanned Aircraft Vehicles (UAVs) might be used to augment the observing capability. Multi-sensor approaches combining optical and microwave data can be another option. In cases where wall-to-wall maps are not mandatory, statistical sampling approaches might also be a suitable alternative for obtaining useful crop area information.
Introduction
Monitoring crop acreage and crop conditions is essential for several stakeholders, especially for those countries that produce large amounts of agricultural commodities such as Brazil, who plays an important role in the agricultural production worldwide [1] . Its Center-South region (with more than 800,000 km 2 ) is a very traditional agricultural region, where approximately 45% of the Brazilian agriculture is concentrated [2] . During the crop season 2012/2013, summer crops such as soybean, maize and sugarcane occupied about 27, 16 and 9 million hectares (ha) in that region. Winter crops, such as wheat, barley and rye, occupied together about two million ha [2] . As cloudiness strongly impacts optical remote sensing imagery, its spatio-temporal distribution needs to be studied. Globally available cloud statistics such as from ISPCC [3] are too coarse for providing the necessary information at sub-regional scale.
Official crop acreage estimates in Brazil are currently obtained using quite subjective techniques such as questionnaires distributed to the actors of the productive chain [4] . Similar approaches to estimate crop acreages are used in many other countries as well [5] . Although low-cost, the subjectivity of this approach makes the data difficult to be used following statistical/mathematical methods, for example to evaluate the quality (error) of the estimates [6] . For example, the United Nation's Food and Agricultural Organization (FAO), the United States Department of Agriculture (USDA) and the European Union (EU), publish crop estimates obtained from national countries' statistical services and generally do not include measures of uncertainties [7] [8] [9] [10] . Another problem relates to the timing of the provided information. The majority of the statistical bureaus publish their values near the end of the crop season [7] . Sometimes additional delays are observed before the statistics are released.
To address these problems, the G20 group (representatives of the 20 major economies) established in 2011 a global initiative to improve the monitoring of major crops using Earth Observations (EO) systems, called GEOGLAM [11, 12] . Within GEOGLAM, the use of optical satellite imagery is promoted as it has demonstrated great potential to obtain crop acreage information at regional level, especially using Landsat/Sentinel2-like images [13] [14] [15] [16] [17] [18] . Indeed, many studies have demonstrated that optical remote sensing imagery may be used to accurately identify crops such as soybean [19] [20] [21] , sugarcane [22, 23] and maize [20, 24] , as well as many other crops [21, 25, 26] . However, remote sensing is not yet widely used for near-real-time monitoring at regional and national scales as the analysis of EO data still presents big challenges [27] . This is even more true when using EO data to assess crop yield [12, 28] .
To use remote sensing imagery for operational assessment of crop acreage it has to be considered that satellites have to balance coverage, spectral, spatial and temporal resolution [29] . Usually, when the spatial resolution is suitable to identify and to map crops, only a few observations along the vegetative crop cycle are available as the temporal resolution is relatively low [30, 31] . For example, Landsat only offers seven potential acquisitions (with 16-day revisit time), to identify a typical annual summer crop with a cycle of around four months [30, 31] . This number does not yet consider that the spectral response at the start and end of the crop cycle is usually not sufficient to support the crop differentiation. During early stages of development, the spectral response is strongly affected by soil background effects, and in the final stages of crops (before harvest) the major response comes from straw or dry crop. Hence, the useful time period is often shorter than the theoretical four months summer crops period [32] . More importantly, to map crops in tropical and subtropical regions using optical sensors, additional problems arise due to the often-high cloud coverage, which further reduces the number of available (and useful) observations [33, 34] .
To overcome the cloud cover issue, probabilistic sampling methods have been developed for crop acreage estimation, minimizing the need of wall-to-wall mapping [35] [36] [37] [38] [39] . In such approaches, random sampling within the cloud-free portions of the images is used for classification. Obviously, new sensors such as the European Sentinel-2 try to shorten the temporal revisit frequency while keeping a high spatial and spectral resolution.
To quantify and understand the occurrence of cloud cover, a large number of studies were conducted [40] [41] [42] [43] [44] [45] [46] . Few of them, however, have identified the impact of cloud cover in a system of crop acreage estimation using remote sensing images. To develop a consistent, systematic and continuous acreage estimation system based on optical remote sensing data it is necessary to assess suitable observation conditions [12, 30, 40] . In this context, the project Monitoring Brazilian Agriculture by Remote Sensing (MOBARS) was established. In the project, researchers from the Brazilian National Institute for Space Research (INPE), the Brazilian Agricultural Research Corporation (EMBRAPA) and the University of Natural Resources and Life Sciences, Vienna (BOKU) worked together to develop and implement a satellite-based agricultural monitoring system for Brazil. The ultimate aim of the project is to implement a bimonthly EO-based operational crop monitoring system, complementing the official agricultural statistics that are monthly published in Brazil. To estimate acreage in near real-time, a process was designed based on Landsat imagery and random sampling techniques using mesoregions as sampling strata for the sampling frame. The mesoregions are defined by the Brazilian Institute of Geography and Statistics (IBGE) as subdivisions of the States that group together municipalities that are geographically close and share come common characteristics [47] .
This paper aims to assess the spatial and temporal variability of cloud cover conditions in tropical areas of Brazil and its consequences on the implementation of a (preferably bimonthly) operational crop monitoring system based on Landsat-like optical EO data. The assessment was performed over 14 crop seasons (2000 to 2014) in four states of Brazil, representative for Brazil in terms of agricultural production.
Methodology

Study Site
The study area covers four Brazilian states: São Paulo (SP), Paraná (PR), Santa Catarina (SC), and Rio Grande do Sul (RS). The four states are located between latitudes South 19˝42' and 33˝48' and longitudes West 44˝and 57˝41' and contain 38 mesoregions (Figure 1 ). new sensors such as the European Sentinel-2 try to shorten the temporal revisit frequency while keeping a high spatial and spectral resolution. To quantify and understand the occurrence of cloud cover, a large number of studies were conducted [40] [41] [42] [43] [44] [45] [46] . Few of them, however, have identified the impact of cloud cover in a system of crop acreage estimation using remote sensing images. To develop a consistent, systematic and continuous acreage estimation system based on optical remote sensing data it is necessary to assess suitable observation conditions [12, 30, 40] . In this context, the project Monitoring Brazilian Agriculture by Remote Sensing (MOBARS) was established. In the project, researchers from the Brazilian National Institute for Space Research (INPE), the Brazilian Agricultural Research Corporation (EMBRAPA) and the University of Natural Resources and Life Sciences, Vienna (BOKU) worked together to develop and implement a satellite-based agricultural monitoring system for Brazil. The ultimate aim of the project is to implement a bimonthly EO-based operational crop monitoring system, complementing the official agricultural statistics that are monthly published in Brazil. To estimate acreage in near real-time, a process was designed based on Landsat imagery and random sampling techniques using mesoregions as sampling strata for the sampling frame. The mesoregions are defined by the Brazilian Institute of Geography and Statistics (IBGE) as subdivisions of the States that group together municipalities that are geographically close and share come common characteristics [47] .
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To generate seasonal cloud statistics for the study area, we analyzed the MODIS Cloud Mask product (version 5) from Terra satellite. The MODIS Cloud Mask is a L2 product from Earth Observation System (EOS) processing program. The data set provides a good overview about the clear sky conditions over large regions with short lag time and offers daily coverage since 2000 [42, 43] . We have chosen this imagery because of the temporal proximity to the Landsat/Sentinel-2 acquisition times (Terra's equatorial crossing is approximately 30 min after Landsat). Existing diurnal variations 
To generate seasonal cloud statistics for the study area, we analyzed the MODIS Cloud Mask product (version 5) from Terra satellite. The MODIS Cloud Mask is a L2 product from Earth Observation System (EOS) processing program. The data set provides a good overview about the clear sky conditions over large regions with short lag time and offers daily coverage since 2000 [42, 43] . We have chosen this imagery because of the temporal proximity to the Landsat/Sentinel-2 acquisition times (Terra's equatorial crossing is approximately 30 min after Landsat). Existing diurnal variations in cloud cover have therefore been neglected. Landsat has been chosen as a reference because it is widely used in agricultural monitoring studies of the study region [19, [21] [22] [23] 34, 50] .
The underlying cloud detection algorithm of MOD35 uses 22 out of the 36 MODIS wavebands to define cloud presence at pixel level [42, 43] . The resulting mask is delivered at 1 km spatial resolution. Two files are used to compose a cloud mask image: one file containing the values of cloud cover (MOD35) and another file containing the geolocation fields (MOD03) [42] . The MOD35 product is composed of five bytes where bits 1 and 2 of byte 0 show the value of cloud cover for each MODIS pixel. It has four labels to represent distinct cloud cover conditions: cloudy (<60% confidence interval), uncertain clear (60% to 95%), probably clear (>95% to 99%) and confident clear (>99%) [41] .
Clear Sky Statistics
The images of the study area were extracted from the HDF files following the GEOTIFF format by the MODIS Reprojection Tool Swath [51] . We analyzed all images from 1 July 2000 to 30 June 2014 (14 crop years). For the processing, we made use of the R software version 3.1.2 [52] and the modiscloud [53] and raster [54] packages. The two packages allow to manipulate any kind of raster data, respectively, to analyze MODIS cloud products.
The four original classes of the MODIS cloud mask product were regrouped into two broad classes [41] [42] [43] : To derive clear sky statistics, the 14 years of MOD35 daily images were aggregated into 12 temporally overlapping periods of four months as depicted in Figure 3 .
The three main periods highlighted in Figure 3 represent the most widely used cropping periods in the Brazilian agriculture. The majority of the all crops are cultivated during these three four months periods. These periods correspond to the Brazilian winter, summer and double-crop growing seasons, respectively. However, for the development of a crop monitoring system, it is worthwhile to check all twelve periods, as there may be some crops cultivated during the entire year, for example within irrigated systems. Sugarcane is even more particular as it is a long-cycle crop (1-1.5 years). Therefore, all twelve periods were considered important to evaluate the crop conditions in the study area.
For each four months period (P1 to P12), the percentage of clear sky class was calculated at pixel level based on the total number of clear observations per year. From the 14 individual years, the average was computed and 12 clear sky cover maps (regarding P1 to P12) with a spatial resolution of 1 km were derived.
To characterize the clear sky seasonality per mesoregion, the cumulative relative frequency (CRF) was derived for each mesoregion from the twelve clear sky cover maps. To check for significant seasonal differences among CRFs by each mesoregion, the Kolmogorov-Smirnov (KS) test [55] , with 5% significance level, was used, where the H0 hypothesis stated that "there is no seasonality between periods in each mesoregions throughout the year in the study area". The test was applied for the three key periods: P1, P5 and P9 (Figure 3) . The three periods were compared in pairs: P1 vs. P5 (test A), P1 vs. P9 (test B), and P5 vs. P9 (test C). Since the data did not follow a Gaussian distribution we did not use parametric tests.
Results
The clear sky cover maps in Figure 4 show clear spatial and temporal patterns within each of the 12 periods. For the time span 2000-2014 and all 12 periods, relatively high cloud coverage was found along the coast in a strip of about 100 km ranging from south-São Paulo (SP) through Paraná (PR) until Santa Catarina (SC). Along the year, there was an alternation of cloudiness between São Paulo (SP) and Rio Grande do Sul (RS). SP state showed high cloud coverage from September to March (spring to summer; summer crops), whereas RS tended to present high cloud coverage from late March to September, which corresponds to autumn and winter in the South hemisphere. West corners of PR and SC, on the other hand, showed relatively low seasonality with consistent moderate clear sky coverage (average 45%) throughout the whole year (Figure 4) . and SC, on the other hand, showed relatively low seasonality with consistent moderate clear sky coverage (average 45%) throughout the whole year (Figure 4 ). We observed significant differences in clear sky cover and seasonality between the northern and southern parts of the study area. Indeed, the North-South differences become more evident by comparing the São José do Rio Preto mesoregion (northern corner of SP, 20°30' latitude) with the Sudeste Rio-Grandense mesoregion (southern corner of RS, 31°30' latitude). Figure 5 shows the CRF of the 12 periods for the two mesoregions. In São José do Rio Preto, the monitoring of summer crops is complicated as the cropping period coincides with periods of high cloudiness. On other hand, Sudeste Rio-Grandense reveals no difference in clear sky conditions for all 12 four months periods.
According to the KS test, significant differences of CRF between the key periods were found for some mesoregions (Figure 6 ). For test A (P1 vs. P5), the majority (68%) of the mesoregions (mainly in SP, PR, and SC states) presented significant differences between CRF. For test B (P1 vs. P9), no significant differences were observed, except for two mesoregions (Marília-SP and Noroeste Paranaense-PR). For test C (P5 vs. P9) 63% of the mesoregions presented significant differences between CRF. We observed significant differences in clear sky cover and seasonality between the northern and southern parts of the study area. Indeed, the North-South differences become more evident by comparing the São José do Rio Preto mesoregion (northern corner of SP, 20˝30' latitude) with the Sudeste Rio-Grandense mesoregion (southern corner of RS, 31˝30' latitude). Figure 5 shows the CRF of the 12 periods for the two mesoregions. In São José do Rio Preto, the monitoring of summer crops is complicated as the cropping period coincides with periods of high cloudiness. On other hand, Sudeste Rio-Grandense reveals no difference in clear sky conditions for all 12 four months periods.
According to the KS test, significant differences of CRF between the key periods were found for some mesoregions (Figure 6 ). For test A (P1 vs. P5), the majority (68%) of the mesoregions (mainly in SP, PR, and SC states) presented significant differences between CRF. For test B (P1 vs. P9), no significant differences were observed, except for two mesoregions (Marília-SP and Noroeste Paranaense-PR). For test C (P5 vs. P9) 63% of the mesoregions presented significant differences between CRF. The KS test confirmed the evidence about seasonality of clear sky occurrence in the northern part of the study region, mainly in SP ( Figure 6 ). In this region, we identified statistically significant differences between P1 and P5 (in green). This confirms the potential difficulties when monitoring The KS test confirmed the evidence about seasonality of clear sky occurrence in the northern part of the study region, mainly in SP ( Figure 6 ). In this region, we identified statistically significant differences between P1 and P5 (in green). This confirms the potential difficulties when monitoring The KS test confirmed the evidence about seasonality of clear sky occurrence in the northern part of the study region, mainly in SP ( Figure 6 ). In this region, we identified statistically significant differences between P1 and P5 (in green). This confirms the potential difficulties when monitoring crops during the period P5 (summer crop season, when major crops in the region are soybean and maize), since the P1 is the dry season in the study region. For the Center-South of the study region, on the other hand, there were no statistical differences between the major crop monitoring periods (e.g., all mesoregions appear red in Figure 6 ). Overall, it is evident that a mapping system for the entire area will be more viable for sugarcane than for summer and winter crops.
Discussion
Crop monitoring based on optical EO data in tropical areas is a challenge [12, 56, 57] . In our study area in Center-South of Brazil, the crop types are unevenly distributed over the area. Each crop has its own calendar with different growing seasons following distinctly different phenological developments. As field sizes are relatively small, observation conditions (e.g., cloudiness) have to be characterized at the spatial resolution of Landsat/Sentinel-2 type of imagery. The statistical characterization and subsequent mapping of cloudiness as an important external constraint helps designing a suitable monitoring system. In this respect, we analyzed the potential of the MODIS cloud mask product (MOD35) to derive cloud statistics. The developed and employed method used multiple years to obtain more useful, consistent and plausible results (e.g., with respect to cloudiness) at relatively fine spatial scale (1 km) compared to other products such as the ISPCC cloud data maps with a spatial resolution of 3.5˝ [3] .
Based on our analysis, we found large differences of cloudiness in terms of spatial and temporal patterns. This variability has effects on the ability to monitor crops in the study area. Table 1 summarizes the interference of cloudiness with crop monitoring needs for the four analyzed states and the three main crop categories. For summer crops in São Paulo (SP) State (mainly soybean and maize) (Figure 2 ), the crop development period falls within a period of high cloud coverage (Figure 4 ). Since there is such a low probability to obtain cloud-free images, mapping of summer crops (e.g., between September and March) is complicated in SP. Regarding sugarcane, an optical remote sensing operational monitoring system seems to be feasible in SP, as the crop cycle lasts at least one year and the period of harvesting falls into the dry season with generally low cloudiness. This has been confirmed in the literature. Rudorff et al. [23] , for instance, showed the possibility of mapping sugarcane with Landsat data in SP state.
In Paraná (PR) State, summer crops are concentrated in the central and western part of the state, which contains more than five million hectares planted with soybeans and maize, nearly 90% of the total cropped area [58] (Figure 2) . In this state, some of the mesoregions show high seasonality of clear sky conditions. The cloud cover is varying from 40 up to 70%. Therefore, parts of these areas are so persistently occluded by clouds that it is not possible to generate consistent maps based on optical remote sensing images [30, 33, 40, 41] . The problematic of mapping summer crops based on optical images is in line with findings of Sugawara et al. [34] , who concluded that the temporal resolution of Landsat is not sufficient to perform a systematic mapping of soybean.
The main growing areas of soybean and maize of Santa Catarina (SC) State are in the Oeste Catarinense mesoregion, in the western part of the state (Figure 2 ). For this region, the percentage of clear sky cover is less seasonal than in SP and PR State with values ranging between 50% and 60% ( Figure 4 ). This should permit an acceptable coverage with high resolution optical EO data, and making it feasible to map summer crops.
Among the four states of the study area, the state Rio Grande do Sul (RS) showed the lowest seasonality of clear sky conditions (Figure 4) . Most of the soybean and maize in this state are concentrated in the Noroeste Rio-Grandense mesoregion (Figure 2 ) [58] . For this mesoregion, the clear sky coverage percentage observed was around 60% for all twelve four months periods (Figure 4 ). This indicates favorable opportunities for crop monitoring based on optical EO data.
For winter crops (wheat, barley, rye, and triticale), the major producing regions are concentrated in the states of PR and RS (Figure 2) , more or less in the same regions where soybean and maize are cultivated during the summer. Monitoring winter crops in the study area is more suitable, when compared to summer crops, as the crop development period coincides with low cloud coverage. Figure 7 summarizes the clear sky conditions of main crops in the study area together with their corresponding crop calendars. Sugarcane, which requires a dry season to reach maturity, is predominant in SP and north of PR (Figure 2) , where low rainfalls coincide with cloud free conditions, facilitating the sugarcane monitoring with remote sensing data. Indeed, the sugarcane harvesting period in that region usually lasts from late-March to early-December (8-months), which increases the probability to acquire cloud free imagery. Figures 2 and 4 also show that SP and the northern part of PR tend to present low cloud coverage for the mentioned period. Thus, mapping sugarcane using Landsat-like imagery is suitable in these regions as demonstrated in several studies [22, 23, 50] . Schultz et al. [21] classified four crop types (sugarcane, soybean, peanut, cassava) based on bi-temporal Landsat 8 data and achieved acceptable accuracies. However, they discussed that a better temporal resolution would be needed to better distinguish spectrally similar crops (e.g., peanut and cassava). Among the four states of the study area, the state Rio Grande do Sul (RS) showed the lowest seasonality of clear sky conditions (Figure 4) . Most of the soybean and maize in this state are concentrated in the Noroeste Rio-Grandense mesoregion (Figure 2 ) [58] . For this mesoregion, the clear sky coverage percentage observed was around 60% for all twelve four months periods (Figure 4 ). This indicates favorable opportunities for crop monitoring based on optical EO data.
For winter crops (wheat, barley, rye, and triticale), the major producing regions are concentrated in the states of PR and RS (Figure 2 ), more or less in the same regions where soybean and maize are cultivated during the summer. Monitoring winter crops in the study area is more suitable, when compared to summer crops, as the crop development period coincides with low cloud coverage. Figure 7 summarizes the clear sky conditions of main crops in the study area together with their corresponding crop calendars. Sugarcane, which requires a dry season to reach maturity, is predominant in SP and north of PR (Figure 2) , where low rainfalls coincide with cloud free conditions, facilitating the sugarcane monitoring with remote sensing data. Indeed, the sugarcane harvesting period in that region usually lasts from late-March to early-December (8-months), which increases the probability to acquire cloud free imagery. Figure 2 and 4 also show that SP and the northern part of PR tend to present low cloud coverage for the mentioned period. Thus, mapping sugarcane using Landsat-like imagery is suitable in these regions as demonstrated in several studies [22, 23, 50] . Schultz et al. [21] classified four crop types (sugarcane, soybean, peanut, cassava) based on bi-temporal Landsat 8 data and achieved acceptable accuracies. However, they discussed that a better temporal resolution would be needed to better distinguish spectrally similar crops (e.g., peanut and cassava). Given the profiles shown in Figure 7 , the most problematic period for optical EO-based mapping is between December and January (P5) when clear sky coverage tended to be below 50%. As a Given the profiles shown in Figure 7 , the most problematic period for optical EO-based mapping is between December and January (P5) when clear sky coverage tended to be below 50%. As a consequence, the monitoring of (first season) soybean and maize using EO data is very challenging (Figure 6 ). This is further reinforced by the fact that some of the planted crops have short cycles requiring cloud-free observations within short time windows. This problem is most evident in the mesoregions of SP, which are closer to the Equator line.
To monitor sugarcane, the probability of obtaining cloud-free images is high mainly from October to May. This guarantees a high suitability of a program to map and monitor the crop [23] , as well as to perform statistical samplings [59] . For winter crops, cloudiness is generally lower, increasing the chance to obtain cloud-free images for an operational monitoring system. In contrast, regarding the summer crops, the high percentages of cloud cover during the summer makes the implementation of a mapping and monitoring system based on optical imagery for the study area challenging. Indeed, observing summer crops with optical EO becomes even more difficulty when crop masks have to be updated (in near-real time) over the crop cycle (e.g., every two months).
High cloud coverage observed for the summer period may jeopardize crop-monitoring systems based on optical remote sensing imagery in tropical areas. The low frequency of clear sky conditions certainly prevents the establishment of a near-real time monitoring system (e.g., mapping every two months). On the other hand, winter crops and long-cycle crops (e.g., sugarcane) are less affected by cloudiness as crop development falls within a period of low cloudiness. This was also confirmed through the mesoregion-based analyses (Figures 5 and 6 ). The crop calendar combined with cloud cover conditions revealed that long-cycle crops, such as sugarcane, are very suitable to be monitored using Landsat-like imagery. Sugarcane is, in fact, the main crop planted in SP state (around 5.5 million ha in 2015). Suitable conditions were also found for winter crops (wheat, barley, rye, and triticale) whereas the monitoring of soybean and maize in tropical areas may be strongly impacted by cloudiness, if the development period concurs with periods of high cloudiness.
Several studies [20] [21] [22] [23] 50, 60] have reinforced the use of multi-temporal imagery to map crops in Brazil. Notwithstanding, under the conditions of the study area, it is challenging to develop a large area monitoring system based on optical EO data. A suitable monitoring system has to take into account several aspects, such as the clear sky condition, crop dynamics and phenologies, crop management and availability of satellite images with adequate resolutions. In this respect, the recently launched Sentinel-2 and CBERS-4 satellites will bring benefits, but not completely solve the problems. Sensors with daily revisit frequency such as MODIS and PROBA-V are often incompatible with the environmental setting of the agricultural landscape due to the coarse spatial resolution compared to the field size [61, 62] . Techniques which combine different sensors, platforms and wavelength ranges could be a solution [63] . A combination of Landsat/Sentinel-2 imagery with sensors on board of Unmanned Aircraft Vehicles (UAVs) is, for example, probably suitable.
A partial short-term solution to the issue of unsuitable observation conditions would be to use mosaicking and filtering techniques that combine parts of images without cloud cover [64] . Alternatively, sampling techniques [37] [38] [39] may be used to estimate crop acreage over large areas based on subsets of pixels or even small areas. In fact, even under the worst conditions observed within the study area, there was still a 17% percent of probability to find cloud free pixels. Therefore, even under the worst conditions, it would probably still be possible to estimate crop acreage using sampling techniques which are already in use [35, 59, 65] . In addition, the integration of active sensors into the monitoring system could be an option. Several studies showed the potential of different active satellite sensors for crop monitoring [66] [67] [68] .
Conclusions
A statistical approach combining multiple years of the MOD05 Cloud Mask product was used to analyze cloud conditions in a study area in Brazil covering four states-São Paulo (SP), Paraná (PR), Santa Catarina (SC) and Rio Grande do Sul (RS). The proposed method is easy to implement and delivers results very fast also for large areas. A copy of the code can be made available on request.
Using the cloudiness information of the MOD05 product, we found that the implementation of an operational crop monitoring system based on optical imagery in tropical areas is possible, but challenging. Whereas winter crops and long-cycle crops (e.g., sugarcane) present favorable observation conditions due to the high probability to obtain could free images during the crop developing phase, mapping and monitoring summer crops showed to be an issue, as the growing period of the crops coincides with the rainy period.
The cloud conditions observed over the study area were not randomly distributed, neither in time nor in space. We found a significant contrast between regions further north (closer to the Equator line), where seasonality is large, compared to regions further south, where almost no seasonality in cloudiness was observed. The worst cloud cover conditions were observed in the period between November and February (rainy season in the region), especially in SP and PR. These two states also presented high seasonality of cloud coverage, with best conditions occurring between June and September (i.e., the winter). Low seasonality has been observed for SC and RS, where cloud conditions tended to be constant along the year, with percentages below 65% for the winter crop development period.
The spatial and temporal analysis of cloudiness highlighted the difficulties in establishing a crop monitoring system based on Landsat-like satellite imagery with revisit cycles of 16 days. Comparing the cumulative relative frequency of clear sky occurrence for each mesoregion throughout the year, we found statistical significant differences mainly for mesoregions belonging to the SP and PR States. At the same time, crop management also follows strong regional pattern. Together this implies that a large scale crop observation system solely based on optical satellite data would probably not be capable to map the entire region and all crops equally well. In our particular study area, the prevailing clear sky conditions probably require to adopt alternative methods if a bi-monthly (within season) crop mapping and monitoring system is to be established. Multi-sensor approaches using data from different EO systems, including new active and passive remote sensing data as well as Unmanned Aircraft Vehicles (UAVs), could be on option. We therefore recommend to further developing techniques that combine different sensors, platforms and wavelength ranges. Additionally, the combination of remote sensing methods with statistical sampling approaches should be investigated.
